The change of distance between individual graphene oxide sheets due to swelling is the key parameter to explain and predict permeation of multilayered graphene oxide (GO) membranes by various solvents and solutions. In situ synchrotron X-ray diffraction study shows that swelling properties of GO membranes are distinctly different compared to precursor graphite oxide powder samples. Intercalation of liquid dioxolane, acetonitrile, acetone, and chloroform into the GO membrane structure occurs with maximum one monolayer insertion (Type I), in contrast with insertion of 2-3 layers of these solvents into the graphite oxide structure. However, the structure of GO membranes expands in liquid DMSO and DMF solvents similarly to precursor graphite oxide (Type II). It can be expected that Type II solvents will permeate GO membranes significantly faster compared to Type I solvents. The membranes are found to be stable in aqueous solutions of acidic and neutral salts, but dissolve slowly in some basic solutions of certain concentrations, e.g. in NaOH, NaHCO 3 and LiF. Some larger organic molecules, alkylamines and alkylammonium cations are found to intercalate and expand the lattice of GO membranes significantly, e.g. up to ∼35 Å in octadecylamine/methanol solution. Intercalation of solutes into the GO structure is one of the limiting factors for nano-filtration of certain molecules but it also allows modification of the inter-layer distance of GO membranes and tuning of their permeation properties. For example, GO membranes functionalized with alkylammonium cations are hydrophobized and they swell in non-polar solvents.
Introduction
Thanks to the hydrophilic structure, graphite oxides can be easily dispersed in water to give stable solutions of singlelayered graphene oxide (GO). 1 Simple evaporation, filtration or spin-coating procedures have been used to deposit multilayered materials from the GO solutions, e.g. thin films [2] [3] [4] or free standing foils. 1, 5 Free standing GO foils of micrometer thickness are named either as papers, [5] [6] [7] or as membranes while being essentially the same material. [8] [9] [10] [11] [12] Unusual vapor, gas and liquid permeation properties of GO membranes have recently attracted a lot of attention. 10, [13] [14] [15] Multilayered GO materials were already well known in the 1960s under the name "graphite oxide" membranes. 16 In particular, the structure, impermeability by gases, water permeation rates and membrane potentials of the GO membranes in several salts were reported in the pioneering study by H. P. Boehm et al. 1 Already these early studies of the GO membranes have demonstrated their potential for selective ion permeation, gas barrier properties, nano-filtration 1 and water desalination using the reverse osmosis method. 17 H. P. Boehm et al. were also the first who suggested that molecules and ions travel through a "labyrinth path" of GO interlayers. 1 Therefore, the distance between individual graphene oxide sheets modified by hydration/solvation is the key parameter to explain and predict permeation of GO membranes. It is known that GO papers and membranes show many properties similar to graphite oxides, e.g. a very similar distance between graphene oxide sheets in the dried state and the ability to swell in polar solvents. 5, 12 However, recent studies revealed that this similarity is only partial. For example, GO membranes show fast water permeation and decreased permeability by alcohols. 8, 13, 18, 19 It is not a trivial fact taking into account that precursor graphite oxides can be intercalated equally well by both water and ethanol with amounts corresponding to several monolayers. 20, 21 Our recent structural studies have shown that the GO membranes exhibit unique hydration/solvation properties, not found in precursor graphite oxides. In particular, both GO membranes and graphite oxides are hydrated very similarly in pure water, but insertion of ethanol and methanol into the GO membrane structure is hindered, being limited to one mono-layer while in the graphite oxide powders up to 3-4 layers of these solvents can be inserted. 22 The quantitative evaluation of selectivity in water/ethanol absorption by GO films was also performed using neutron reflectivity. 19 The decreased ability of GO membranes towards intercalation with some polar solvents is the key reason to explain their selectivity in permeation of liquids. However, structural data for swelling of GO membranes in solvents other than alcohols have not been available so far. Many recent studies have also aimed at demonstration of selective permeation of certain ions and molecules through GO membranes for nano-filtration applications. [23] [24] [25] [26] [27] [28] Some studies suggested simple models, considering the interlayer distance in GO membranes ("channels") to be equal to the value observed for membranes immersed in pure water (∼12-13 Å) without assuming the effects of solutes on the GO lattice. In this case the size of hydrated ions or molecules was speculated to be the only parameter which determines the permeability of a GO membrane. 11 We believe that such models are over-simplified and can be applied only to limited range of salts or molecules. It is very likely that several factors other than the size of the hydration shell can affect permeation of ions/molecules through GO membranes, first of all their chemical reactivity towards GO functional groups, the ability of solutes to intercalate and expand the GO structure, and the dependence of GO swelling on pH and concentration of dissolved molecules. Indeed, larger ions and molecules were reported to permeate through the GO membranes. 1, 26 Surprisingly, none of the previously published studies reported on the inter-layer distance of GO membranes measured directly in solvents and solutions tested for permeation. At the same time, precursor graphite oxides are known to exhibit easy intercalation with many large organic molecules. Significant expansion of the inter-layer distance (up to 2-6 nm) is very common for graphite oxides immersed in various solvents and solutions depending on the nature of dissolved ions/molecules and their concentration, e.g. larger alcohols and various amines. [29] [30] [31] [32] An extreme example of concentration dependence is GO swelling in basic solutions. Graphite oxide shows the cell parameter of about d(001) = 11-12 Å in 0.05-2 M NaOH solutions but dissolves completely in 0.01 M solution (d = ∞). 1 The effect of dissolving in alkali solutions is usually explained by deprotonation of COOH and phenolic groups and electrostatic repulsion of negatively charged GO planes. 33 Complete dissolving of graphite oxides in NaOH is regularly used to prepare solutions of less defected single-layered GO without the need for sonication. 22, 33 Permeation of NaOH through GO membranes was found to be faster compared to permeation of some Na salts indicating that the GO membrane structure is expanded by immersion into alkali solutions. However, the structure of GO membranes in these solutions was not characterized. 23 As noted above, the properties of GO membranes are only partly similar to those of powdered graphite oxides and the results obtained for powders should not be directly applied to GO membranes. Therefore, new studies are required to verify the structural properties of GO membranes in various solvents, in ionic and molecular solutions in order to predict and understand the membrane permeation properties.
In this study we report an in situ synchrotron X-ray diffraction study of the GO membrane structure in several common organic solvents, in solutions of several molecular species and in solutions of common salts. It is found that solvation/ hydration of the GO membrane structure cannot be predicted using the data obtained on graphite oxides. The inter-layer distance of GO membranes shows a rather broad variation depending on the type of solvent, chemical nature of the solutes and intercalation of dissolved species into the GO lattice. In particular, the limitations of GO membranes for nano-filtration applications are demonstrated on examples of some basic salts, amines and alkylammonium salts.
Experimental
GO membranes were prepared using the commercial graphite oxide powder purchased from ACS Materials. This graphite oxide was synthesized using the Hummers method and C/O = 2.47 was determined by XPS. Detailed characterization of this graphite oxide, both in the dry state and under hydration/ solvation conditions was reported in our previous studies. 21, 34 GO membranes prepared from this precursor have also been characterized in our recent studies using a variety of methods, including X-ray diffraction in water, methanol, ethanol and water-alcohol mixtures. 22 The synthesis of the membranes included preparation of graphene oxide dispersion by sonication of GO powder in water for 12-16 hours, centrifugation to remove few-layered (or unexfoliated) particles and vacuum driven filtration through alumina membranes (Anodisc 25, 0.2 μm, diameter: 25 mm from Whatman GmbH). Finally, the membranes were air dried directly on alumina filters and separated from the support. The membrane sample studied here was air dried in the free standing state for 3 weeks and cut into many small pieces directly before XRD measurements. Some experiments were also repeated 6 months later with very similar results. Slow drying of GO membranes was observed in our previous study and explained by the fact that water from the inner part of the membranes needs to go through a labyrinth of interlayer spacings before it reaches the surface and evaporates. 22 The structural study of GO membranes in various solvents and solutions was performed by X-ray diffraction using synchrotron radiation at MaxLab, beamline I711, Sweden. The radiation wavelength (0.99148 Å) was calibrated using a LaB 6 standard. Fit2D software was used to integrate the diffraction images into diffraction patterns. Depending on the quality of data, particular broadness and peak shape, the precision of peak positions determined using the d(001) was within 0.01-0.1 Å.
X-ray diffraction images were collected from powder samples loaded in glass capillaries using the transmission geometry. Very strong intensity of synchrotron radiation allows recording of high quality XRD images for all studied GO/ solvent systems. The structure of GO membranes in the hydrated state was studied in situ using 0.5-0.7 mm wide and 1-2 mm long pieces inserted into a glass capillary, immersed in excess of the liquid and aligned relative to the beam in transmission geometry to record 2D XRD images. The same membrane sample was used for all in situ synchrotron radiation XRD experiments described here. The thickness of this sample was measured under ambient conditions using a digital micrometer with flat 5 mm diameter probes (±0.2 µm). The thickness of this membrane sample was also verified using direct Scanning Electron Microscopy (SEM) images (see Fig. 1a ) to be about 3-4 µm. Note that the thickness measured under ambient conditions depends on humidity conditions. Using small pieces of the same membrane for most of the experiments allows to compare GO structures in various solvents independently on the possible effects of sample aging, drying conditions, variations of precipitation conditions etc. The samples were loaded into solvent immediately prior to the start of measurements. Typically loading and mounting the sample takes about 5-10 minutes, and the recording time per image is 30-180 s. Several images were usually collected from each sample to verify that the saturation state is achieved. In the case of slower swelling, new images were recorded several hours (up to 24 hours) later.
Some other but very similarly prepared membrane samples were used for experiments with intercalation of alkylammonium ions. For these experiments larger pieces of GO membranes (discs with diameter up to 25 mm) were immersed into 50 mg ml −1 solution of hexadecyltrimethylammonium chloride (HDTMA) in methanol and heated at 60°C for 5 days according to the procedure described in ref. 31 . Swelling tests of these membranes were performed on pieces with ∼1 cm 2 size.
Larger pieces of membranes (∼10 × 10 mm) were also tested for swelling in several solvents (water, 1 M NaCl, toluene, ethanol, acetone, 1-methyl-2-pyrrolidinone and N,Ndimethylacetamide) using the standard diffractometer setup in the reflection mode. The inter-layer distance measured for larger area samples (∼100 mm 2 ) were found to be very similar (within ±0.1 Å) to the values found using synchrotron radiation experiments with smaller pieces (1-5 mm 2 ) and transmission geometry. We also tested in a similar way the membrane sample dried in air for 14 months and for several key solvents obtained qualitatively similar swelling (see the ESI †). The maximal swelling state of GO membranes was found to be not dependent on the area of studied samples within the 1-100 mm 2 range.
In the later experiments membranes were characterized using a Siemens D5000 diffractometer (CuKα) in reflecting mode.
Results
The morphology of the typical "as-deposited" air dried membrane sample was verified using Scanning Electron Microscopy (SEM) as shown in Fig. 1 for the regions of the cut edge and "planar" surface.
The edges of the membrane exhibit densely packed paperlike wavy shape lamellae. The typical thickness of these lamellae corresponds approximately to 15-30 layers of GO. The "planar" surface of the membrane is actually not flat with a network of wrinkles distributed over the whole surface. These types of shapes for the edges and surface of the membrane could be expected since the samples are prepared in water solution and then slowly dried from the fully hydrated state. A very similar lamellar texture of GO membrane samples preserved even after a prolonged reaction in the methanol solution of alkylammonium salts and drying (see Fig. 7a below).
GO membranes in polar solvents
Examples of XRD patterns recorded from solvent immersed graphite oxide powder and GO membranes at ambient temperature are shown in Fig. 2 and 3 . Very different swelling of GO membranes compared to swelling of precursor graphite oxide was observed for most of the tested solvents, but some examples of similar swelling were also found.
Graphite oxides and GO membranes do not swell in nonpolar solvents (e.g. toluene) but easily get intercalated by polar solvents. The amount of solvent inserted into the GO structure correlates with the increase of the interlayer distance and can be approximately evaluated using the change of d(001). Other reflections, those from in-plane lattice spacings are not affected by solvation and hydration. 35, 36 The interlayer distance of graphite oxides depends on the temperature and corresponds typically to 1-3 solvent monolayers. 21 Note that d(001) of the Hummers GO structure is often observed to change gradually due to the effects of interstratification and non-uniform hydration of inter-layers on the nanometer scale (intrastratification). 37 The Brodie graphite oxide is known to show step-like transitions between one and two layer solvate states upon variations of pressure or temperature. 34, 36, 38 Therefore, the thickness of the solvent monolayer can be determined using phase transitions in Brodie graphite oxide, but for Hummers graphite oxide studied here the number of intercalated layers can be discussed only conventionally, assuming an approximate relationship between the change of the inter-layer distance and the size of solvent molecules. As expected, the solvents which are not intercalated into the precursor powder graphite oxide structure (e.g. toluene) also do not intercalate GO membranes. For example, a GO membrane immersed in ethylene glycol showed the interlayer distance d(001) = 7.7 Å similarly to the air exposed solvent free membrane sample. The interlayer spacing of the GO membrane actually decreased slightly to 7.5 Å after forty minutes of immersion in ethylene glycol. The air exposed GO samples unavoidably absorb some moisture from air proportionally to humidity. The ethylene glycol in excess amounts extracts water from the GO membrane, the process of dehydration being slow due to diffusion of water through the labyrinth of interlayers. The value of 7.5 Å can be used with good approximation as a reference for the inter-layer distance in the solvent free state of the GO membrane.
Several polar solvents were then tested for swelling with graphite oxide powder and GO membrane. Dioxolane intercalates graphite oxide powder with expansion of the interlayer distance by ∼7 Å compared to the solvent free state reaching d(001) = 14.5 Å. The expansion of the graphite oxide lattice corresponds to intercalation of at least two dioxolane layers (thickness of one dioxolane layer is ∼4.1 Å). In contrast, the solvent immersed GO membrane shows much lower d(001) = 8.5 Å, thus exhibiting strongly hindered insertion of dioxolane, Fig. 2(a) . The increase of the inter-layer distance by only ∼1 Å is smaller than the size of the dioxolane molecule. Therefore, the amount of the intercalated solvent certainly does not exceed one monolayer. This type of difference between insertion of solvent into membranes and powder (named henceforth as Type I) is similar to swelling of GO in alcohols reported in our earlier studies. 22 The Type I intercalation was also found for several other tested solvents. Fig. 2(b) shows XRD patterns recorded from the GO membrane and powder immersed in excess of acetone. In this experiment the diffraction image was first recorded from the membrane and then the powder was added directly to the same capillary, thus the integrated pattern shown in Fig. 1(b) allows the comparison of 001-peak positions in the same pattern.
Comparing the d(001) values for the acetone immersed powder and membrane shows that the powder is intercalated by at least two solvent layers while the membrane only by one. Note that Type I intercalation is not connected to slow kinetics, some samples were verified 12-24 hours after immersion into the solvent and did not show further increase of the interlayer distance. Type I intercalation was also found for acetonitrile (d(001) = 14.0 Å and d(001) = 9.0 Å for powder and membrane respectively), and for chloroform: d(001) = 14.6 Å for powder and d(001) = 8.8 Å for the membrane. The GO membrane sample showed also a very small change of the structure when immersed in trimethylamine (d(001) = 8.2 Å) whereas graphite oxide powder showed rather complex and inhomogeneous intercalation: three peaks with d-spacings 12.7 Å, 11.0 Å and 8.2 Å were observed.
A plausible explanation of Type I intercalation behavior could be that only a fraction of the membrane layers is intercalated with solvent while penetration into other layers is hindered. As a result, the averaged interlayer distance increases only by ∼1-1.5 Å compared to the dried state and does not exceed 9 Å even after prolonged exposure to the liquid solvent. It should also be noted that the first layer of solvent is always intercalated into the GO structure with lattice expansion smaller compared to the size of solvent molecules reflecting the presence of voids in the inhomogeneously oxidized GO structure which can be filled without causing strong expansion of the lattice. 33, 37 It can be anticipated that small expansion of the GO lattice typical of Type I intercalation will result in low or zero permeation of these solvents through membranes.
A different type of intercalation is observed for the GO membrane in DMSO solvent, Fig. 3(a) .
The d(001) of graphite oxide powder in DMSO is 19.8 Å reflecting intercalation of several solvent layers. The membrane sample showed a peak of pristine GO (d(001) = 7.3 Å) but also the presence of strong and broad diffuse scattering with higher d-spacings in the first scan recorded a few minutes after solvent loading. The peak from the non-intercalated membrane layers became significantly lower after 40 minutes of solvent immersion and completely disappeared after ∼120 minutes. Only a rather broad and diffuse peak centered approximately at 18.8 Å is found in XRD images recorded after prolonged immersion in DMSO. Fig. 3(a) shows that the GO membrane can be intercalated by DMSO with lattice expansion similar to the one typical of powders but with much slower kinetics. Until now this type of intercalation was never observed for solvents other than water; 10, 22 it will be named in following discussions as Type II. The Type II intercalation was also observed for two other solvents: (a) N,N-dimethylacetamide and (b) 1-methyl-2-pyrrolidinone (Fig. 2S in the ESI †). Swelling of the graphite oxide powder and GO membrane in dimethylformamide (DMF) (Fig. 3(b) ) showed rather individual behavior. The interlayer distance of the GO membrane in DMF is d(001) = 13.8 Å. The 001 peak is rather broad and asymmetric indicating the presence of layers with even stronger lattice expansion. As shown in Fig. 3(b) , the GO membrane lattice in DMF expands less compared to the GO powder (d(001) = 17.7 Å) but stronger compared to Type I intercalation (d(001) = ∼9 Å). The thickness of the DMF layer intercalated into the GO structure is known from our earlier experiments with the Brodie GO powder and is equal to ∼4.4 Å. 38 Therefore, expansion of the GO membrane lattice by 7.3 Å corresponds to insertion of two DMF layers whereas the d(001) = 17.7 Å observed for the precursor GO powder corresponds to insertion of three solvent layers. It can be concluded that intercalation of polar solvents into the GO membrane structure is not trivial and cannot be predicted from swelling properties of graphite oxide powder. The difference between Type I and Type II swelling of GO membranes should be reflected in their permeation properties. Based on our structural data we can speculate that permeation of solvents with Type I swelling should be slow or nearly absent, similarly to earlier reported permeation of alcohols. For DMSO (Type II swelling) relatively rapid permeation can be expected as it intercalates the GO membrane structure with 3 solvent layers similarly to water. The case of DMF solvent is somewhat intermediate: it can be anticipated that DMF would be permeating the GO membrane but at slower rates.
GO membranes in aqueous solutions
The d(001) of the studied GO membrane sample in pure water was found to be 12.3 Å. This value is slightly lower compared to d(001) = 12.7 Å found for pristine GO powder. Note that freshly prepared membranes are not stable and delaminate almost completely after few hours of water immersion. The membranes need to be dried in air for minimum 2-3 weeks while slow drying corresponds to gradual decrease of the interlayer distance. 22 Well dried membranes are stable in water exhibiting well defined spots from 001 reflection in XRD images but also always strong diffuse scattering at low angles which demonstrate the presence of disordered "channels" with a continuous distribution of inter-layer distances up to at least 30-40 Å.
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Swelling of GO membranes and powder was verified in several solutions which can be divided into the following groups: inorganic salts (acidic and basic), molecular ionic solutions, and molecular non-electrolyte solutions. It could be anticipated that dissolved species can alter the interlayer distance of GO membranes due to several possible effects: intercalation of solutes into the GO structure, change of GO sheet
It is well known that graphite oxides are relatively stable in diluted acidic solutions (strongly acidic conditions result in GO reduction). In contrast, graphite oxides immersed in slightly basic solutions can be dispersed on single layered graphene oxide sheets. 1 Our experiments demonstrate that the same trend is observed for GO membranes as well, but the membranes are somewhat more stable against delamination in basic solutions. Both graphite oxide powder and GO membranes showed d(001) in acidic and neutral salts close or slightly higher compared to the value 12.4 Å found for pure water. For example, the GO membrane showed the following d(001) in 1 M solutions: KBr -13.07 Å, NaCl -12.42 Å, NH 4 F -12.2 Å and in 2 M formic acid -12.2 Å. Similar d-spacings were also found for acidic solutions in other solvents. For example, the GO membrane in 1 M methanol solutions of phenylboronic and benzene-1,4-diboronic acids showed the inter-layer distances 12.57 Å and 12.64 Å respectively.
The notable difference was that the penetration of solutions into GO membranes is slower. Powder samples typically exhibit rapid swelling with the same value of d(001) immediately after loading with solution (after 3-4 minutes) and after prolonged immersion. The GO membranes in some salts (e.g. KBr) showed a slow increase of d(001) which seems to stabilize only after some tens of minutes.
It can be concluded that for acidic solutions the size of "channels" available for permeation of GO membrane is indeed similar to the value known for pure water. This explains why certain ion size effect was observed in permeation of several ions through GO membranes in ref. 11 . Note that only acidic salts were tested for permeation in this study but the effect of the ion size on the selectivity of nano-filtration was claimed to be general for any molecules and solutions. 11 This claim is not valid for basic salts and solutions as demonstrated by our experiments presented below. It is well known that graphite oxide powder exhibits strongly different d(001) depending on the concentration of NaOH.
1 NaOH solution with a concentration around or below 0.01 M is used routinely to prepare solutions of single layered graphene oxide. 22 Our experiments demonstrate that the same phenomena are observed also for GO membranes. The main difference is slow kinetics of GO membrane penetration by solutions. XRD patterns recorded from GO membranes in 0.01 M NaOH solution showed the presence of a d(001) peak even after 2-3 hours of immersion, with the interlayer distance of about 13.4-13.5 Å, while for powders the diffraction peaks are not visible immediately after immersion due to delamination. However, placing a small piece of membrane in 0.01 M NaOH for 24 hours resulted in dissolving, as detected by appearance of characteristic brownish color of the solution. The same experiment was repeated with other membranes which were allowed to dry in air for 1-6 months: membranes were slowly dissolved in diluted NaOH solutions. Only the membrane sample stored in air for 2.5 years exhibited no obvious dissolving in diluted NaOH solutions, but even this sample broke into pieces after light shaking of the vial (see the ESI †). Further experiments showed that GO membranes dissolve not only in NaOH but also in other basic solutions. Fig. 4 shows XRD data recorded from precursor graphite oxide powder in NaHCO 3 solutions of different concentrations. The inter-layer distance of graphite oxide powder shows very strong dependence on the concentration of salt, with d(001) which significantly exceeds the value of 12.4 Å found for GO membranes in pure water. For concentrations of NaHCO 3 below 0.2 M the powder delaminated completely: the d(001) diffraction peak disappeared and only some diffuse scattering in the regions of high d-spacings could be observed. Note that the diffuse scattering is clearly visible in 2D diffraction images but can be rather difficult to identify in patterns recorded using conventional diffractometers, especially if the background subtraction is applied. 11 The integrated pattern for 0.2 M solution shows diffuse scattering only as non-linear background at low angles (Fig. 4) . Using data shown in Fig. 4 as a reference, we verified the structure of the GO membrane in the 0.2 M NaHCO 3 solution. The first pattern recorded 3-4 minutes after immersion showed d(001) = 13.4 Å, ten minutes later 13.5 Å, 105 minutes after immersion 14.0 Å, and 6 hours after immersion 14.2 Å. At this point it could be assumed that the swelling had stopped, but after 24 hours the membrane piece dissolved completely. In a control experiment, we placed a piece of the membrane into a small vial with 0.2 M NaHCO 3 solution and after one day the solution obtained the characteristic brown color due to partial dissolving of GO. The membrane piece became obviously jelly-like under microscope observations and disintegrated after light shaking of the vial.
The slow delamination of the GO membrane is difficult to observe by XRD since the dissolving starts from outer layers and can proceed for many hours by removing GO sheets layer by layer while the core remains well packed. In this case, the 001 diffraction peak originated most likely from the inner part of the membrane. The reflection from the membrane core becomes weaker with time and replaced slowly by diffuse scattering from the jelly phase without a very strong shift of the peak position. However, visual analysis of the membrane piece in NaHCO 3 solution leaves no doubts that slow dissolving does occur similarly to diluted NaOH solutions.
Similar experiments were also performed with sodium acetate (NaAc) which represents another example of basic salts, Fig. 5(a)-(c) . Here the difference between the powder and membranes appeared to be stronger. The GO powder showed d(001) = 14.42 Å in 1 M and 0.5 M solutions, but dissolved in 0.2 M NaAc solution exhibiting no diffraction peaks immediately after solvent loading. The GO membrane in the same solution showed d(001) = 13.4 Å which did not change significantly with time. The membrane piece was observed not to dissolve even after several days of storage in the vial with 0.2 M NaAc solution. Using even smaller concentrations of NaAc also did not result in membrane dissolving. Once again, these examples demonstrate that the properties of the GO membrane cannot be described referring to data obtained on graphite oxide powder.
Results presented above indicate that the possible application of GO membranes for nano-filtration of basic salts is rather limited due to the strong concentration dependence of the inter-layer distance and complete disintegration of the membranes at certain concentrations. This problem can be demonstrated clearly on the example of LiF salt which gives basic solutions. A saturated solution of LiF was added to the powder and GO membranes which resulted in the immediate disappearance of 001 reflection for both materials. The membrane was transformed into a thick jelly-like state and diffraction images recorded 3-4 minutes after immersion exhibited only very strong diffuse scattering (Fig. 5(d) ). To our knowledge, it is the first report of using LiF to prepare jelly like GO. The jelly phase is extremely soft, mechanically unstable and obviously not suitable for membrane applications.
Summarizing this section, we demonstrated that at least some basic salts and solutions are not suitable for nanofiltration using GO membranes due to the effects of delamination and strong concentration dependence of the inter-layer distance. Each salt has an individual effect on the GO membrane structure and this effect cannot be predicted from the properties of graphite oxide powders studied in the same solutions. It should be noted that the solutions of many organic molecules are basic, which will possibly limit significantly applications of GO membranes for nano-filtration.
GO membranes in alkylamines and methanol solutions of alkylammonium salts
It is well known that many organic molecules are easily intercalated into the graphite oxide structure with significant expansion of the inter-layer distance. If similar intercalation occurs with the GO membrane structure as well, it will certainly affect the permeation properties rather dramatically. To demonstrate the intercalation of GO membranes by larger molecules we selected several amines both in the form of liquid solvents and solutions in alcohols. It is known that these molecules can be easily intercalated into precursor graphite oxide powders with very strong expansion of the interlayer distance. 32, 39, 40 Hexylamine and octylamine are liquids under ambient conditions. As expected, a test on membrane samples showed that these molecules rapidly intercalated the GO structure with lattice expansion almost identical to that observed for powder samples (Fig. 6(a) ). Remarkably the peaks from intercalated compounds are much stronger and sharper compared to pristine graphite oxide. Rather nice (00ℓ) series of reflections with 8-10 peaks were observed for alkylamine-intercalated GO while for pristine GO only relatively broad and weak 001 and 002 peaks are observed.
Hexadecylamine and octadecylamine are solids under ambient conditions, for intercalation experiments these materials were dissolved in methanol (50 mg ml −1 ). Note that pure methanol shows Type I, strongly hindered intercalation, 22 but this does not prevent intercalation of hexadecylamine molecules dissolved in methanol not only into powder but also into GO membrane samples with an interlayer distance of about 31 Å (Fig. 6(b) ). Immersion of samples into octadecylamine/methanol solution also resulted in rapid intercalation of the GO membrane with an inter-layer distance of 34.5 Å. However, for this system also another set of (00ℓ) peaks with d = 27.5 Å from a less intercalated structure was found, thus the similarity between membrane and powder samples is not complete. Another example of large molecule intercalation into the GO lattice was demonstrated using the solution of hexadecyltrimethylammonium chloride (HDTMA). Exposing graphite oxide powder to methanol or ethanol solutions of this salt resulted in immediate expansion of the graphene oxide lattice with an increase of inter-layer distance up to ∼35 Å. Interestingly, the alkylammonium ions are not rigidly attached to GO sheets if the reaction is performed at ambient temperature. Washing the samples with methanol completely removed the intercalated molecules and pristine GO could be recovered. Similar experiments with GO membranes showed that intercalation is also observed but becomes much slower compared to powders and the resulting material is not crystalline. Overnight soaking of the GO membrane in methanol solution of HDTMA (50-100 mg ml −1 ) resulted in amorphisation of the material which exhibited only broad diffuse scattering and the absence of sharp diffraction peaks. We also tested the procedure described earlier by Dekany et al., 31 and performed the reaction with HDTMA at 60°C both with powders and membranes. In this case, the expanded structure preserves even when methanol solution is removed, the alkylammonium ions are attached to the GO sheets. Intercalation of GO membranes and powders at 60°C appeared to be very similar, Fig. 7 . Note that the lamellar texture of the GO membrane reacted with HDTMA in methanol solution and airdried ( Fig. 7a) is very similar to the texture of pristine air dried GO membranes prepared using water solution (Fig. 1a) . The expanded lattice with a set of (00ℓ) reflections up to 8-10 order was observed for both powders and membranes (later with strong diffuse scattering); the interlayer distance is found at d(001) = 32-35 Å in good agreement with ref. 31 . Moreover, in agreement with earlier studies, the structure of the GO-alkylammonium complex is found to be hydrophobic and swells in non-polar solvents. Both graphite oxide and GO membranes swell reversibly in toluene with further increase of the interlayer distance up to 46-47 Å (Fig. 8) . A very strong change in the distance between GO sheets in this case can possibly originate not only from insertion of toluene but also due to the fact that the alkylammonium molecule geometry changes to more vertical. Therefore, we cannot evaluate exactly the amount of toluene inserted into the GO structure using only XRD data.
At the same time, these membranes do not show swelling in alcohols. In fact, the inter-layer distance of GO-HDTMA powder and membranes was found to decrease by ∼3 Å when immersed in methanol and ethanol. Therefore, it can be anticipated that HDTMA functionalized GO membranes will be selectively permeable by non-polar solvents such as toluene and not permeable by polar solvents like water or alcohols, which is exactly opposite to properties of pristine GO membranes.
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It can be concluded that functionalization of GO with HDTMA can possibly be used to switch membranes between permeation of polar and non-polar solvents. Direct characterization of the membrane permeation properties is out of scope of this study.
Discussion
It is interesting to discuss the possible reasons for the strong difference between swelling of graphite oxide powders and GO membranes. We suggest that a simple geometrical difference is responsible for the observed effects. As found in our previous study, the dispersion of a graphite oxide precursor and deposition of a membrane do not lead to obvious changes in the chemical composition of graphene oxide sheets. 22 Therefore, the reason for the difference in swelling properties should be explained by the different packing of GO flakes in the GO multilayered structure. It is known that graphite oxide grains inherit their shape from the parent graphite 41 with individual graphene oxide sheets packed parallel to each other. However, this will not be the case for GO membranes. The individual GO flakes present in solution are of random irregular shape and size. Therefore, deposition of these flakes over each other into a multilayered film will unavoidably lead to overlaps and deformation of the flake shape, Fig. 9 .
It is obvious that all GO flakes will be not flat and not strictly parallel to each other in GO membranes. The GO membrane model considered in several earlier studies always assumed strictly horizontal and almost parallel shape of GO flakes, 1,10 whereas the real shape of GO sheets should be curved with all edges enveloped by sheets situated over and under the layers. We suggest here that the enveloped edges hinder the penetration of solvent and expansion of the GO membrane lattice due to the locking effect of the overlapped sheets illustrated schematically in Fig. 9(d) and (e). Individual GO sheets shown in this scheme cannot separate from each other without strong deformation of the shape and horizontal slip along the neighboring surfaces. Therefore, we believe that expansion of the inter-layer distance of GO membranes under swelling conditions is likely to be controlled by the interaction of solvent molecules with overlapped edge regions of GO flakes.
It is known that dissolving of GO in basic solutions is due to deprotonation of carboxylic and phenolic groups which are terminating the GO flake edges. Therefore, the absence of GO membrane delamination in some of the studied basic solutions could be explained by the geometrical constraints (enveloping) which prevent solutions from penetration to some edges of GO flakes. If parts of the GO flake edges are not accessible for solutions, the delamination becomes more difficult.
It should be noted that the membrane samples studied here were completely immersed in solvents exposing both the cut edges and planar surface to penetration of solvent. In practical applications of membranes the permeation of solvent can be directed either across the planes 11, 23, 24 or along the planes, 27 thus using preferentially one or another path for solvent insertion. We believe that maximal separation of GO layers will be the same for both of these geometries since the entrance of solvent occurs in both cases through the interlayer space of the GO structure. It is possible that the kinetics of membrane hydration/solvation can be affected by the size of the membrane piece and how exactly the membrane was cut. However, a detailed study of the kinetics of solvent penetration into GO interlayers is out of scope of this study.
It is rather common in recent studies to cite the values of the inter-layer distance for hydrated and solvated graphite oxides when GO membranes are studied for permeation of solvents. Our experiments demonstrated that this will often lead to incorrect conclusions about the size and chemical nature of "channels" available in GO membranes for permeation of various solvents and ions. It is important to emphasize that GO sheets are essentially hydrophilic and most of their surface is covered with functional groups, evidence for the existence of interconnected hydrophobic "graphene capillaries" suggested in some studies 10, 11 is not available as discussed in our previous study. 22 Moreover, "graphene capillaries" of 1-2 nm width are not hydrophobic due to confinement between the hydrophilic surrounding regions as shown by theoretical studies. 42 It is clear that permeation properties of membranes will be strongly affected by the changes of the inter-layer distance due to the effects of swelling and intercalation of the GO structure. The size of "channels" can be similar to the one observed for GO membranes in pure water but also can be much smaller and much larger depending on the solute chemical nature. It is also interesting to mention the possible effect of flake size on geometry of overlaps. The smaller average size of flakes provides a higher total length of edges over the whole sample. On other hand, making smaller flakes should result in significant decrease of the path length for solvent diffusion between GO sheets. Therefore, the total effect of the flake size on swelling properties of GO membranes could be non-trivial.
It is also difficult to predict the size of "channels" for systems of GO with mixed polar solvents and, therefore, to evaluate the possibility of binary mixture separation using GO membranes. We demonstrated earlier that the GO membrane structure in mixed solvents (water/alcohols) shows rather nontrivial dependence on proportion between the components of the mixture. 22 Pure alcohols show slow permeation through GO membranes, 10 but adding water results in permeation of both solvents (e.g. propanol/water mixture). 11 Therefore, using our results obtained for solutions of individual salts or solvents should not be directly used for the prediction of permeation of mixed solvents. Further studies are required to model permeation experiments with multiple ions and to explain selective adsorption/permeation of certain ions of similar sizes, observed in some recent studies. 23, 24 It should be noted that our experiments not only demonstrated several limiting factors for applications of GO membranes but also showed that the membranes can be tuned in many different ways using functionalization and intercalation of larger molecules. It can be expected that a large variety of membranes will be prepared in future starting from pristine GO including those suitable for permeation of polar, nonpolar solvents and various solutions in these solvents. The inter-layer distance of GO membranes can obviously be tuned within a large range starting from ∼7 Å for dry membranes and up to several nanometers in the solvated or intercalated state.
In conclusion, structural characterization of GO membranes immersed in excess of several solvents and solutions was performed using in situ X-ray diffraction. The swelling properties of GO membranes in aqueous and non-aqueous solutions were compared with swelling of precursor graphite oxide. It is confirmed that GO membranes are distinctly different materials compared to precursor graphite oxide powder. The solvation of GO membranes is found to be strongly hindered in some solvents (acetone, acetonitrile, chloroform, dioxolane), the membranes exhibiting 3-6 Å smaller lattice expansion upon immersion into these liquid solvents compared to powders. For other solvents (DMSO, DMF) swelling of GO membranes is qualitatively similar to swelling of graphite oxide, except for slower kinetics. Individual approach to every system is also required for GO membranes in various types of aqueous and non-aqueous solutions. We found that GO membranes in solutions of several acidic and neutral salts exhibit a structure which only depends slightly on the nature of dissolved ions. However, using basic solutions leads to extreme swelling and delamination of the membranes. The swelling parameters of GO membranes show certain dependence on the concentration of solute (most clearly in basic solutions) and slower kinetics compared to powder. Finally we demonstrated that rather large organic molecules (liquid alkylamines and methanol solutions of alkylamines) can be intercalated into GO membranes as easily as into precursor graphite oxides. The reaction of GO membranes with alkylammonium salts was also observed for both graphite oxide and GO membranes making their structure hydrophobic and easily swelling in toluene.
